formation and melting of ice. The underlying difficulty was that too little was known, and still is, about the local and general effects of wind stress and climatological differences, and, in the absence of theoretical guidance, there was much scope for argument about the interpretation of new observations. Nevertheless Otto Pettersson's fine descriptive work, his genuine enthusiasm, interchanges with his Scandinavian and German colleagues, and his exciting studies of the currents and internal waves in the Grand Belt kept physical oceanography alive at a time when in other countries, particularly the United Kingdom and United States, it was almost at a standstill.
It was in this background and environment, close to the sea and involved in the enthusiastic pursuit and discussion of its problems, that Hans Pettersson spent his early years. He was born on 26 August 1888, and after matriculating at Stockholm gained first and second degrees at Uppsala in 1909 and 1911. He studied physics under K. Angstrom, and afterwards at University College London, under Sir William Ramsay. He returned to Sweden in 1913 and was appointed to the staff of the Svenska HydrografiskaBiologiska Kommissionen. His first papers dealt with some of the early theoretical and practical problems in nuclear physics, but he became increasingly interested in the sea, particularly the study of tides, coastal water movements, flow in stratified water, waves on internal boundary surfaces, methods of measuring and recording water density in , and meteorological disturbances of sea level. Swedish coastal waters afforded unique opportunities and incentive for such work.
His interests and energy began to match those of his father. Together they developed a very satisfactory continuously recording current meter which was afterwards used very effectively by Gustafsen and Kullenberg to record rotating currents of intertial period in the Baltic. They also recorded internal waves by means of a large submerged buoy carefully balanced to float in the discontinuity layer between the warm, poorly saline surface water and colder, more saline, bottom water in the Baltic. In the first experiments the buoy was guided up and down and kept from drifting away by taut wires hanging from a stage built out from the rocks at the Borno (Gullmarfjord) marine laboratory, but later it was developed by Kullenberg for use in the open sea below an anchored submerged buoy where careful analysis of a 15-day record in the Central Kattegatt showed oscillations of inertial period in addition to the ordinary tidal periods. Pettersson was interested in the meteorological aspects of oceanography, sharing his father's conviction that the dominant meteorological features of western Europe are determined to a large extent by the heat capacity and transport of the North Atlantic Ocean, and maintaining that closer study of representative areas would improve long-range forecasting, particularly of evaporation and rainfall.
His early studies had interested him in the newly developing science of radioactivity, and while working in London he made a short cruise in the North Sea with Sir John Murray and Johan Hjort in the Michael Sars, and was invited to work on the samples of deep-sea sediment collected by
H.M.S.
C h a l l e n g e r , the radium content of such sediments being a question of growing interest since Joly had demonstrated its concentration in them, particularly in the red clay. Pettersson did not go to Edinburgh, but ten years later accepted a similar invitation from Prince Albert I of Monaco, and, before long, to the Institut fiir Radiumforschung in Vienna. He worked there for several years and over the next 20 years, with the help of specialists from Vienna and Oslo, notably Dr Elisabeth Rona, Dr Berta Karlik, Dr Hernegger and Dr Foyn, built up an active study of the subject. One of their interesting discoveries was made with manganese nodules taken by the Challenger from the North Pacific Ocean, in which they found the radium content to fall off rapidly towards the interior of the concretion, and, inferring that it had entered with the manganese and apart from its parent nuclide ionium, Pettersson calculated the rate of deposition at about 1 mm in 1000 years-somewhat more on prominent surfaces, and somewhat less on lower, more sheltered parts. He found that the radium content of sea-water is much less than the equilibrium value to be expected from the uranium content, and maintained that this remarkable deficiency could be attributed to the rapid precipitation of iron as ferric hydroxide and co-precipitation of thorium and its isotope ionium. This would account for the relative abundance of radium in the sediments as well as its scarcity in the water. The precipitated ionium would breed radium and he wanted to use the content of radium at different depths of the sediment to estimate the age and rate of deposition. When, later on, he and others collected many more cores this proved to be more difficult than expected; in many cores the dis tribution was erratic and the possibility of diffusion of radium between different levels in the cores and other disturbance had to be considered.
Study of the penetration of light into the sea was another of Pettersson's interests. Using an actinometer, and in collaboration with his colleagues Landberg and Hoglund, he made a long series of measurements varying with the season, weather, and biological activity. He also measured transparency and scattering at different depths. These revealed pronounced variations which appeared to be related to the abundance of organic detritus and plankton organisms in the water, and notable increases of scattering and reduction of light intensity were observed near discontinuities in vertical density distribution where it was reasonable to expect concen trations of suspended particles. In 1935 he commented on the influence which a turbid surface layer, observed to persist for many weeks in the Swedish fjords during heavy rainfall, must have on the productivity of the water. He also discussed the effect of internal movements on the level of plankton-rich layers and the intensity of daylight they receive. He planned to extend his light studies to the deep ocean and to make more critical observations, particularly of the size of particles, by using light of different wavelengths. He suggested the term 'extinction coefficient' to replace 'absorption coefficient' to describe observed absorption which is a combined effect involving both true absorption and scattering. During the war Pettersson continued his work on radioactivity, on the iron and manganese deposits on the sea floor, and on light penetration and culture of plankton diatoms, and using the excellent workshop and other facilities made several new advances. In 1941 Pettersson and Kullenberg described a core-sampler which used the great hydraulic pressure at the bottom of the sea to force the sampling tube into the sediment. It had a vacuum container connected to the upper end of a long 5-cm diameter tube with a special valve by which the passage of water from the tube to the vacuum container could be adjusted so that the core would enter the tube only as fast as the tube was pressed down into the sediment. The difficulties encountered in practice led to the abandonment of the vacuum container and to the development by Kullenberg of his piston corer. This has a core barrel 3 in. in diameter, and usually 30 ft. long, heavily weighted at the top. It is held to the lowering wire by a triggering device which is operated by a weight 30 ft. below the corer. When the weight touches the bottom the heavily loaded tube falls freely gathering momentum as it goes, but a tightly fitting piston inside the tube is held back after the tube has fallen the 30 ft. and as the piston is jerked to a stop the reduction of pressure below it due to the continued downward movement of the tube counteracts the friction between the tube and the sediment. The length of the tube, and the weights and distances, could be increased so that a core 65 ft. long was obtained in the Gullmar Fjord. At about the same time Dr Weibull of the Bofors arma ment works developed the reflexion method of seismic sounding for use at Hans Pett sea. In the first place he was comparing the effect of different kinds of under water explosives for military purposes at the Borno hydrographical station, but he was persuaded to use his equipment to measure the thickness of submarine sediment layers by recording the sound waves reflected from internal boundary surfaces.
In the preface to his book Westward Ho with the , Professor Pettersson says that the second world war prevented Swedish scientists from working in the open sea but by way of compensation gave them time and opportunities for preparing a round-the-world voyage of scientific exploration using the new methods. Again wealthy business men provided the means. Major Jacobsson, Chairman of the Brostrom shipping combine, gave 500 000 krone to the Kungliga Vetenskaps (Royal Society of Goteborg) for a Swedish Deep-Sea Expedition and persuaded the shipping combine to lend its new training ship, the motor-schooner, Albatross, for the purpose at net running cost. Mr Gustaf Werner promised 1 000 000 krone and Mr Axelsson Johnsson paid for the costly conversion of the ship to provide laboratory space and accommodation for scientists as well as for mounting the deep-sea winch. The main enterprise was in fact financed by private donors, but the Swedish Government made the research vessel Skagerrak available for a three months' trial cruise in the Mediterranean Sea to test the new methods. This cruise was made in 1946 and a number of cores from 20 to 50 ft. long were obtained. In three of them, taken between the Gulf of Naples and Sardinia, layers of volcanic ash, which Pettersson attributed to eruptions of Mt Vesuvius and neighbouring volcanoes in historic and prehistoric time, were particularly noticeable. He deduced a tentative dating of some of the later ash layers. These results, together with profitable seismic sounding, trawling and dredging, did much to rouse interest in the forthcoming worldwide expedition which sailed on 4 July 1947.
The main purpose of the expedition, which carried 14 scientists and assistants, and a crew of 22, was the investigation of the deep ocean floor, its morphology and sediment layers, mainly between 20 °N and 20 °S. Less attention was paid to the physics of the ocean and it is perhaps remarkable that the Albatross like other research ships should have worked so much above the fast east-flowing equatorial undercurrent without finding it. Detailed studies were made of the transparency of the water and the scattering of light at different depths using different wavelengths. A special investigation was made of the water layer immediately above the bottom and of the temperature gradient in the sediment. Large water samples were taken for measurement of radioactivity, and trawling and dredging provided material for biological studies, particularly of deep and bottom living animals, as well as for geological and mineralogical studies. The expedition returned to Sweden in October 1948.
To win support for such an expedition, to get it planned in detail, to see that all the large and small preparations are made and the work carried through is a tremendous task. Professor Pettersson's achievements were 409 widely recognized and when the voyage was successfully completed many academic distinctions were conferred upon him. He was elected to the Royal Swedish Academy of Sciences in 1948, the Akademie der Wissenschaften in Vienna (1949) , Royal Irish Academy (1948) , Marine Biological Association (Hon. Mem. 1949), Royal Society of Edinburgh (1950) , Soc. Scient. Finnicae (1950) , Soc. Geologique de France (1952) Till his retirement from the Chair of Oceanography and Directorship of the Oceanographical Institute in 1956 he was a very prominent figure in oceanography, busy with the observations and material brought home by the expedition and editing its scientific reports. After the first essential of laborious and time-consuming descriptive and sampling work on the many long bottom cores, work was concentrated on the microchemical composition of the cores, especially on their content of radium and uranium. Some of this work was done in Vienna. The distributions of microfossils such as foraminifera and radiolaria were studied with the help of specialists. Much of the work has been directed to the study of past climatic changes. One of the problems of special interest is that of the bottom temperature of the oceans during the Tertiary period. It seemed to Pettersson that the chemistry and movements of the bottom water must have been more favourable for the solution of calcium from the sediments than they are today. Today one of the most important factors seems to be the cold flow of bottom water rich in carbon dioxide from the Antarctic, but if, as is generally assumed, the temperature in oceanic depths was several degrees higher in pre-Quaternary times there is some difficulty in explaining the formation of the red clay which has little calcium. He suggested that other acids were present owing to volcanic action.
Pettersson enjoyed imaginative explanations and speculation on a planetary and astrophysical scale. Since the work of Daly, Kuenen and others in [1936] [1937] , the idea that dense flows of sediment-water mixtures from the continental margins were of importance in forming the ocean floor had been rapidly gaining ground. There was a fair amount of evidence to suggest that sand and mud derived from the land tended to accumulate at the edge of the continental shelf and that after a long time, and perhaps more often in active regions, it would slump and run down the continental slope like an avalanche. The density of the turbulent suspension of mud and water might be about 1 | times the density of the surrounding water and, although the continental slopes are not very steep, the vertical distances are great, so that most sea-floor students now agree that the turbid current may run as fast as an express train before it reaches the bottom of the slope, and that on its way it can be destructive, eroding channels, moving large rocks and breaking submarine cables. When such turbidity currents reach the bottom of the continental slopes they spread out and, slowing down, deposit first the coarser and then the finer material, but apparently have sufficient energy to travel several hundred miles across a very gently sloping plain, called an abyssal plain, before they come to rest. Where suitable gradients exist they can be kept going and erode channels across the plain. Pettersson's expedition came at the height of such arguments. The Albatross found level plains, and a very notable example south-east of Ceylon, but he preferred to think of this as a flat lava flow and supported his opinion by the fact that it was difficult to core, a difficulty which later experience has shown to be common where there are beds of sand and gravel and not a definite indication of rock. He liked to think of the remarkable channels in the plain south-east of Ceylon as fractures rather than eroded channels. His cores from the equatorial Atlantic gave clear indication of the displacement of faunal remains from shallow to deep water and of sand layers interspersed between the typical pelagic sediment. His specialists attributed these to the transport of weathered rock debris which had been deposited near the edge of the shelf along the N.E. coast of South America and transported seawards by turbidity currents along the bottom. There were also plant remains in the coarser sand layers. Pettersson offered the alternative explanation of a large island, harbouring vegetation, and with a fairly extensive shelf lying on the Mid-Atlantic Ridge north-west of the St Paul's Rocks becoming submerged during a catastrophe of seismic-volcanic character a few hundred thousand years ago and distributing its material over the surrounding sea floor. Anyone as interested as he in efforts to use the stratification of cores as geochronological evidence might naturally resist the idea that non-catastrophic processes could disturb the record, but nevertheless in his Silliman lectures he takes up a reasonable attitude on what he still maintained was 'a highly controversial point' and recognized that submarine landslides near steep slopes might cause reshuffling of sediments and erosion channels. He also found that mud-sifting animals sometimes disturbed the stratification.
He tended to look to Space for much of the nickel in the ocean. Nickel is strongly concentrated in deep-sea sediments relative to both igneous rocks and near-shore sediments, and finding that its concentration in ocean water is only about 10~8%, or about ten times less than the concentration of iron in sea-water, he suggested that its concentration in the sediments may have originated from meteors and meteoric dust, basing his argument on the cosmic spherules found by Murray and Renard in the deposits taken by the Challenger Expedition. Others working in the subject produced evidence to show that there was a linear relationship between manganese and nickel in manganese nodules and to suggest that the nickel content of the nodules and that of the deep-sea sediments has been scavenged from the sea-water by sedimentation of hydrous manganese-dioxide. Another interesting result of 411 the examination of the cores taken by the Swedish expedition is their clear indication of a greater concentration of cosmic spherules in the upper strata; this is interesting in view of other evidence that meteorites have started to reach the earth in increasing numbers in historic time.
After Pettersson retired from the Chair at Goteborg in 1956, he occupied a research professorship in geophysics in the University of Hawaii where he initiated further study of the rate of accretion of meteoric dust to the earth, filtering large volumes of air through fine-pored filters at high altitudes. Most of the filters trapped notable amounts of nickel and this strengthened his view that the relatively high concentration in deep-sea deposits is of cosmic origin would prove to be a fruitful hypothesis. Such spreading of ideas is characteristic of his work. His improved coring of the sea bottom, studies of radioactivity in the sea and its sediments, seismic sounding and light measurements produced and stimulated many new ideas and methods which later improved upon and refined by others have made a large contribution to recent revolutionary progress in marine science. It will be some time before the value of his work can be fully appreciated: many specialists are working on material collected by his Deep-Sea Expedition and the scientific reports of the expedition are still appearing. Professor Pettersson, whose work will continue to inspire much oceano graphic and geophysical research, is survived by his wife, his son Dr Rutger Irgens and his daughter Anna.
